Trafficking and turnover of transmitter receptors required to maintain and modify the strength of chemical synapses have been characterized extensively. In contrast, little is known regarding trafficking of gap junction components at electrical synapses. By combining ultrastructural and in vivo physiological analysis at identified mixed (electrical and chemical) synapses on the goldfish Mauthner cell, we show here that gap junction hemichannels are added at the edges of GJ plaques where they dock with hemichannels in the apposed membrane to form cell-cell channels and, simultaneously, that intact junctional regions are removed from centers of these plaques into either presynaptic axon or postsynaptic dendrite. Moreover, electrical coupling is readily modified by intradendritic application of peptides that interfere with endocytosis or exocytosis, suggesting that the strength of electrical synapses at these terminals is sustained, at least in part, by fast (in minutes) turnover of gap junction channels. A peptide corresponding to a region of the carboxy terminus that is conserved in Cx36 and its two teleost homologs appears to interfere with formation of new gap junction channels, presumably by reducing insertion of hemichannels on the dendritic side. Thus, our data indicate that electrical synapses are dynamic structures and that their channels are turned over actively, suggesting that regulated trafficking of connexons may contribute to the modification of gap junctional conductance.
Trafficking and turnover of transmitter receptors required to maintain and modify the strength of chemical synapses have been characterized extensively. In contrast, little is known regarding trafficking of gap junction components at electrical synapses. By combining ultrastructural and in vivo physiological analysis at identified mixed (electrical and chemical) synapses on the goldfish Mauthner cell, we show here that gap junction hemichannels are added at the edges of GJ plaques where they dock with hemichannels in the apposed membrane to form cell-cell channels and, simultaneously, that intact junctional regions are removed from centers of these plaques into either presynaptic axon or postsynaptic dendrite. Moreover, electrical coupling is readily modified by intradendritic application of peptides that interfere with endocytosis or exocytosis, suggesting that the strength of electrical synapses at these terminals is sustained, at least in part, by fast (in minutes) turnover of gap junction channels. A peptide corresponding to a region of the carboxy terminus that is conserved in Cx36 and its two teleost homologs appears to interfere with formation of new gap junction channels, presumably by reducing insertion of hemichannels on the dendritic side. Thus, our data indicate that electrical synapses are dynamic structures and that their channels are turned over actively, suggesting that regulated trafficking of connexons may contribute to the modification of gap junctional conductance.
connexin | synaptic plasticity | auditory | potentiation | freeze-fracture C onstitutive and regulated trafficking of ion channels to and from the plasma membrane are important processes for the maintenance of cell function and responsiveness to environmental stimuli. Trafficking of ionotropic receptors involving processes of insertion and retrieval maintains the strength of chemical synapses and underlies several forms of synaptic plasticity (1) (2) (3) (4) . Trafficking usually requires interactions between the receptor's carboxy terminus (CT) and a variety of cytosolic proteins, including those forming scaffolds (3, (5) (6) (7) (8) (9) . In contrast, little is known regarding the involvement of channel trafficking in modulating the strength of gap junction (GJ)-mediated electrical transmission.
Vertebrate GJs are clusters (plaques) of aqueous integral membrane protein channels that connect the interiors of the coupled cells. Each channel is formed by the docking of two hexameric connexin hemichannels, or connexons, one contributed by each of the adjoining cells, forming molecular pathways for the direct transfer of signaling molecules and for the spread of electrical currents between cells. Although many neuroscientists have considered electrical synapses to be passive intercellular channels that lack modifiability, they are proving to be dynamic structures having distinct pathways for synthesis, trafficking, and degradation (10) (11) (12) (13) and subject to posttranslational modifications such as phosphorylation (14) . Trafficking and turnover of recombinant GJ channels have been observed in cell-expression systems, where they have been investigated extensively (15) (16) (17) (18) . A wealth of evidence indicates that new connexins are trafficked in vesicles as undocked hemichannels that are inserted into the plasma membrane at the periphery of existing GJ plaques (Fig. 1B) , where they dock with hemichannels in the apposed membrane (16, 18) . Older connexons are removed from the center of the plaques (15) (16) (17) (18) as intact regions of the junction that are internalized into one or the other of the coupled cells, with larger internalized areas forming double-membrane vesicles that in thin sections can appear as annular GJs (asterisk in Fig. 1B ). These structures subsequently are transported to lysosomes, where they are degraded (17, 19) . However, whether these processes occur in native neuronal GJs in vivo remains unknown.
We investigated trafficking of GJ channels and the functional relevance of this trafficking at identifiable mixed (electrical and chemical) synapses on the goldfish Mauthner (M-) cell. These synapses are the large myelinated club endings or simply club endings (CEs) (Fig. 1A) (20) . CEs are advantageous for correlations of their structural and biochemical features with their in vivo physiological properties and provide a valuable model for the study of vertebrate electrical transmission (21, 22) . CEs are unusually large (5-10 μm in diameter), and each has ∼100 GJ plaques and up to ∼100,000 channels, containing connexin 35 (Cx35) (23), a fish ortholog of the mammalian neuronal connexin, Cx36 (24) . Recent data indicate that a second homolog of Cx36, Cx34.7, also is present at these terminals (25) . Both electrical and chemical components of transmission can undergo long-term potentiation or depression as a result of presynaptic impulse activity (26) (27) (28) (29) (30) . Consistent with these dynamic properties, we found ultrastructural evidence for active insertion of hemichannels and removal of cell-cell channels at these GJs that may contribute to the dynamic properties. We found that electrical transmission was strengthened in minutes by intradendritic application of peptides that interfere with endocytosis and weakened by peptides that reduce insertion of new hemichannels, indicating fast turnover of GJ channels. Furthermore, intradendritic application of a peptide corresponding to the last 15 amino acids of the CT of Cx36, including a PDZ-binding domain (31) (a region that is highly conserved between Cx36 and its fish homologs), progressively depressed electrical transmission, suggesting that this portion of the molecule contributes to targeting and/or insertion of new GJ hemichannels. Taken together, our data indicate the existence of active turnover of GJ channels in vivo; this turnover may be modulated to increase or decrease synaptic strength.
( Fig. 1 ; see Experimental Procedures for details). GJs were seen as aggregates of intramembrane particles (IMPs) in the protoplasmic leaflet (P)-face or as aggregates of pits in the extraplasmic leaflet (E)-face, both of which were largely in hexagonal arrays. As previously reported ( 23, 32) , the size of GJ plaques in CEs was highly variable, with large and small plaques interspersed. Immediately adjacent to approximately half of the large plaques (>200 connexons), we found abundant membrane deformations that were consistent with insertion of GJ hemichannels; these deformations were hemispherical to almost flattened membrane patches in the P-and E-faces of the M-cell and CE. Examples of deformations in M-cell P-faces are illustrated in Fig. 1 C-I . These cup-like deformations did not resemble exocytosis of synaptic vesicles, which occurs only presynaptically and is localized to active zones. Moreover, they are unlikely to correspond to postsynaptic insertion of glutamate receptors, which are seen as distinctive E-face rather than P-face IMPs (33) and were not labeled by the connexin antibodies.
The P-face deformations appear to correspond to various stages of membrane insertion, from small cup-like invaginations containing about one dozen 9-nm P-face IMPs (Fig. 1E, #1 ) to nearly flattened invaginations (Fig. 1F, #2-4 ). These sites of Trafficking and turnover of recombinant GJ channels. New connexons are trafficked to the membrane in vesicles as unpaired hemichannels, where they are inserted at the periphery of the GJ plaque (red) and dock with hemichannels in the apposed membrane. Subsequently, they are internalized as small clusters of entire channels (green) into either of the coupled cells from regions near the center of the plaque. (C-J) Ultrastructural evidence for insertion of GJ hemichannels in pre-and postsynaptic membranes at CEs (stereoscopic images). White boxes in C are enlarged in D-G as indicated by numbers within boxes. (C) Ten GJs show intermixing of larger and smaller plaques, and there are eight presumptive exocytotic depressions at various stages of insertion into the M-cell dendritic surface. These depressions are typical of membrane exocytosis and contain about one dozen 9-nm IMPs; most are adjacent to larger GJ plaques. Both P-face IMPs (C and D) and E-face pits (J) are in crystalline hexagonal array throughout most of each GJ. (D) At higher magnification, one exocytotic depression (#5) appears to be in a late stage of exocytosis. This image also shows two shallow depressions (green overlays) within the GJ plaque, apparently representing channel removal (Fig. 2) . (D-I) New connexin hemichannels apparently are trafficked in vesicles and inserted into the plasma membrane at or near the periphery of GJ plaques. The final stage is shown in J, where clusters of irregularly distributed connexon pits (red overlays) appear to reflect ongoing incorporation into the edge of GJ plaque. (C-G) Five proposed stages in exocytosis of hemichannel-containing vesicles, all from the same synapse. Hemichannel-size (9-nm) IMPs appear in collapsing exocytotic depressions (red overlay). Recently fused vesicles (stages #1-3) have hemichannel IMPs deep within the vesicles, whereas flattening vesicles have IMPs escaping from the vesicle remnant margins and apparently migrating to the periphery of the nearest GJ (stages #4-5). Because of the low level of Cx34.7 labeling (using Ab JOB 2930/1) in this replica, #811, fusing exocytotic vesicle remnants were labeled only rarely by immunogold. (H and I) Immunogold labeling for Cx34.7 (arrowheads) associated with 9-nm IMPs in exocytotic pits in an M-cell near the periphery of existing GJs (from DRD#1). (J) Immunogold beads labeling connexins in the apposed membrane beneath the clustered E-face pits at the edge of a GJ (red overlays) is consistent with docking of connexons to the labeled hemichannels in the apposed membrane and therefore the coordinated formation of cell-cell channels that are not yet in crystalline array (Ab298, replica #812; for technical reasons, the level of labeling for Cx35 is higher in this replica than for Cx34.7 in replica #811). Abbreviations for Figs. 1 and 2: CE-E, CE E-face; CE-P, CE P-face; MC-E, M-cell E-face; MC-P, M-cell P-face. (Scale bars, 0.1 μm.) apparent vesicle insertion near GJs often were labeled either with anti-connexin antibody JOB 2930/1 ( Fig. 1 C-I ) or with ab298 (Fig. 1J) . (See Experimental Procedures for antibodies used.) Moreover, IMPs at putative insertion sites often appeared to be in transit to a nearby GJ (Fig. 1 D, #5 ; F, #2-3; and G, #4). IMPs/pits that were between the exocytotic profiles and the edge of the nearest GJ were not yet in crystalline array; nevertheless, the hemichannels apparently were linked structurally to hemichannels in the apposed membrane ( Fig. 1J ; red overlays), as suggested by immunogold labeling of the irregularly distributed E-face pits at the edges of GJs. Because GJ E-face pits have no connexin protein to label (34, 35) , the immunogold beads beneath peripheral irregularly arrayed E-face pits must represent labeling of hemichannels in the subjacent membrane (as illustrated in Fig. 6 ). Indeed, coordinated docking of isolated pairs of hemichannels, one in each apposed membrane, has been reported in developing GJ formation plaques in vitro (36) . In our in vivo material, intercellular linkage of the dispersed hemichannels is suggested by the increased shadow length of the dispersed IMPs adjacent to the GJs (Fig. 1G ). This feature is consistent with taller IMPs that form linked hemichannels in partially narrowed extracellular space like that at GJ formation plaques in vitro (36) .
Labeling of the dispersed clusters of E-face pits at the periphery of GJs (Fig. 1J) , where no protein is present in the replicated membrane face (see Fig. 6 ), indicates that multiple hemichannels are immediately beneath the E-face pits, consistent with coordinated insertion of connexon-containing vesicles at approximately mirror locations at the periphery of individual GJs linking the two coupled cells (Fig. 1J) . Alternatively, such labeling could imply a mechanism for directed migration of free connexons to a limited number of peripheral docking sites. Notably, the paired irregular clusters of labeled connexons beneath E-face pits at the periphery of GJs were always flat and did not resemble any stage of membrane deformation for channel endocytosis (as described in the next paragraph).
In these synapses undergoing substantial membrane insertion, many of the larger GJ plaques also contained IMPs/pits that were hexagonally arrayed at their peripheries but irregularly arrayed and reduced in packing density at their centers (Figs. 1D and 2 A-C, green overlays). Some of these plaques had multiple patches of disorganized IMPs/pits separated by intervening crystalline IMPs/pits, suggestive of several discrete areas of membrane endocytosis. (Fig. 1D shows two such shallow invaginations.) These irregular regions ranged from slightly concave or convex [depending on whether viewed from outside or from within the endocytosing M-cell (Fig. 1D) or CE] to deeply concave/convex into the M-cell (Fig. 2B) vs. into the CE (Fig. 2C) , respectively. In some cases, membrane deformations were seen projecting into both cells, representing simultaneous doublemembrane endocytosis into both cells (Fig. 2B , green overlays; the blue arrow points to deformation into the underlying M-cell, and the yellow arrow points to upward deformation into the overlying CE). These small invaginations within the central regions of GJs were about four times as abundant toward the Mcell cytoplasm (which has abundant lysosomes) as toward the CE cytoplasm. One large invagination that was cross-fractured and of indeterminate depth extended into the CE cytoplasm (Fig. 2C , aqua overlay). In the cross-fractured invagination, M-cell cytoplasm can be seen (asterisk in Fig. 2C ). By FRIL, we did not detect detached annular GJs within the cytoplasm of either cell. In both large and small invaginations into both M-cell and CE, the fracture plane occasionally stepped from E-face to P-face within the margin of the invagination, revealing P-face IMPs of the underlying cell membrane and E-face pits of the overlying cell ( Fig. 2 B, blue arrow, and C, black arrows). Such images confirm that both pre-and postsynaptic membranes were simultaneously invaginated into either CE or M-cell cytoplasm and that these endocytotic membrane vesicles contained intact (docked) channels linking the two apposed membranes ( Fig. 2 B and C, arrows). In any case, irregular distributions of IMPs/pits, usually within shallow invaginations, may represent early markers for membrane endocytosis. Moreover, the irregularly arrayed IMPs/pits in endocytosing membranes (Figs. 1D and 2 B and C; green overlays) imply physical stresses sufficiently strong to disrupt the normal crystalline organization of GJ channels during endocytotic deformation. Finally, many otherwise crystalline GJs had central areas that were devoid of connexon IMPs/pits, leaving in each a smooth, particle-free area of intervening GJ membrane ( Fig In summary, our ultrastructural data suggest that GJ hemichannels in CE synapses are delivered to the apposed plasma membranes by intercellularly coordinated fusion of small, uniform-size exocytotic vesicles, each containing about a dozen hemichannels, and that these hemichannels are directed to the nearest GJ rather than drifting randomly in the plasma membrane. Moreover, the few areas of irregularly distributed E-face connexon pits at the periphery of the GJ plaques were labeled, and IMPs at these locations were taller than those within GJ plaques; these observations imply docking of connexons before their incorporation into the regular hexagonal crystalline arrays. Consistent with in vitro observations of recombinant connexins, GJ channels in CE synapses appear to be removed from the center of the GJ plaques as intact channels within regions of paired junctional membrane, with endocytosis of double-membrane vesicles into each of the coupled cells (16, 19, 37) but with approximately fourfold greater internalization into the M-cell.
Interference with Endocytosis and Exocytosis Modifies Synaptic
Strength. The coexistence of ultrastructural features consistent with both insertion and removal of GJ channels within the same CE synapse suggests relatively continuous turnover of channels at these synapses. To test this hypothesis further, we used peptides (released by diffusion from an intradendritic recording pipette) to interfere with endocytosis or exocytosis. We measured the peptides' effects on the electrical (GJ-mediated) and glutamatergic components of the mixed excitatory postsynaptic po- All removal profiles were within large GJs (>200 connexons), and most of the insertion profiles were associated with the large GJs. In contrast, few, if any, of the insertion profiles were uniquely associated with small GJs (<50 connexons) (i.e., there always was a nearby medium or large GJ).
tential (mixed EPSP) evoked by stimulation of the VIIIth nerve. Because of the brief membrane time constant of the M-cell (∼0.4 ms) and duration of the VIIIth nerve volley, the two components of the synaptic potential are separated in time and can be identified unambiguously and measured reliably (Fig. 3A) . Intradendritic application of the dynamin-inhibitory (D-15) peptide Evidence for endocytotic removal of GJ channels. (A) Thirteen GJs (blue overlays) including five larger GJ plaques, have six regions of noncrystalline connexons (green overlays), apparently reflecting early or late stages of endocytosis into the M-cell and CE. Upper Right Inset (yellow box) contains a relatively large patch of IMP-free M-cell E-face in a GJ from a more distant region of the same replica. The connexon-free patch may represent the final stage of endocytosis, occurring immediately before IMP redistribution to reestablish the normal crystalline configuration of IMPs/pits seen in synapses not undergoing endocytosis. Note that the clear patch has three E-face IMPs of unknown composition. Lower Left Inset shows an enlargement of a small patch of IMP-free membrane at the center of the adjacent GJ, presumably representing ongoing recrystallization of cell-cell channels. In the boxed region (labeled "B" in A and enlarged as stereoscopic images in B), endocytosis appears to be into both the M-cell (blue arrow) and the CE (yellow arrow). The noncrystalline E-face pits within the endocytotic profiles (and a few noncrystalline P-face particle arrays at the invagination into the M-cell) are distinguished from the surrounding hexagonally arranged connexons (uncolored regions). (C) Stereoscopic views: During internalization of a larger patch of GJ membrane, the invagination consists of two closely apposed membranes, forming a double-membrane structure similar to that reported in cell-expression systems (19) . Asterisk indicates M-cell cytoplasm (aqua overlay) being endocytosed into the CE. Arrows indicate P-face IMPs aligning with E-face pits. A-C are from replica #812; connexin ab298. (Scale bars, 0.1 μm.) (amino acids 828-842 of rat dynamin) (Fig. 3B) , a proline-rich domain that is thought to reduce endocytosis by interrupting dynamin's interaction with amphiphysin (38) , enhanced the electrical component of the mixed EPSP (172.7% ± 22.2%, n = 5) (Fig. 3B, filled circles) . (Here and elsewhere changes 20-30 min after onset of recording are expressed as percent of initial value.) In contrast, no changes were observed with a scrambled version of this peptide (108.1% ± 5.9%, n = 6, P < 0.05 vs. peptide) (Fig. 3B, open circles) . Conversely, intradendritic application of a SNAP-25 peptide (amino acids 182-192 of SNAP-25) that interferes with formation of SNARE complexes (39) depressed the amplitude of the electrical component of the mixed EPSP over the same time course (to 83% ± 4.9% of initial value, n = 6) (Fig. 3C) . However, the electrical component remained unaffected during control experiments in which the electrode contained only the vehicle solution (113.4% ± 7.7%, n = 4, P < 0.01 vs. peptide) (Fig. 3C, open circles) . Each peptide affected the amplitude of the electrical component of the mixed EPSP within minutes and with a similar time course. Differences in the magnitude of the up-and down-regulation are ascribable to differences in the individual blocking efficacy of the peptides at the concentrations used, which also might be influenced by differential susceptibility to the action of cytosolic peptidases and/or progressive diffusion from the application site.
D-15 and SNAP-25 peptides are known to modify the strength of glutamatergic transmission at mammalian synapses (1, 4, (40) (41) (42) , and the actions on the chemical component of the mixed EPSP provided a valuable control for their efficacy in the M-cell. Accordingly, we found that the glutamatergic component of the mixed EPSP was enhanced within minutes by intradendritic applications of the D-15 peptide (159.3% ± 29.8% at 20 min, vs. scrambled peptide: 103.1% ± 7.4%, n = 5; P < 0.05) (Fig. 3D) , whereas it was depressed over the same time course by the SNAP-25 peptide (80.8% ± 3.5%, vs. vehicle: 100.9% ± 4.7%, n = 5; P < 0.05; n = 6) (Fig. 3E) . The time course and magnitude of these changes in glutamatergic transmission were similar to those in the electrical component. Finally, the amplitude of the M-cell antidromic spike, an indicator of the cell's input resistance, was not affected significantly during these manipulations, averaging 93.7% ± 4.7% of control for D-15, 98.9% ± 6.5% for the scrambled peptide, 92.4% ± 2.9% for the SNAP-25 peptide, and 97.9% ± 7.2% for the vehicle experiments (P > 0.1 for each comparison). Thus, changes in the M-cell input resistance did not account for the (bidirectional) changes in both electrical and chemical components of the EPSPs.
To validate further the actions of the peptides, we used immunolabeling to examine the presence of both dynamin and SNAP-25 in CEs. CEs can be identified unambiguously in the lateral dendrite of the M-cell by immunolabeling with anti-Cx35 (23, 31, 43) , because the ∼100 GJ plaques present at each of these unusually large contacts are distributed throughout the appositional surface (Fig.  4A) . Double-immunolabeling for Cx36 and dynamin or SNAP-25 revealed both trafficking proteins in CEs. In high-resolution confocal images, dynamin (Fig. 4 B and C) and SNAP-25 (Fig. 4 D and E) were seen both in the center of the contacts, where the GJs predominate, and in the periphery, where the glutamatergic sites are located (Fig. 4 C-E ; arrowheads indicate sites of superposition). Thus, the distribution of dynamin and SNAP-25 immunoreactivity in CEs is consistent with the proposed effects of the blocking peptides on electrical and chemical components.
CT of Fish Homologs of Cx36 Is Implicated in Trafficking of GJ Channels at CEs. Taken together, the effects of dynamin and SNAP-25-blocking peptides suggests a direct action on continuous turnover of GJ channels. Alternatively, interference with dynamin and SNAP might affect the surface expression of other proteins that, in turn, could modify synaptic transmission. It has been suggested that the last amino acids of the CT of Cx36 are necessary for the correct surface expression of these channels (44) . We hypothesized that, if GJ channels are added rapidly by exocytosis, interference with this region of the molecule will, like the SNAP-25-blocking peptide, block connexon insertion and, as a consequence, result in a rundown of electrical transmission. To examine trafficking further, we used a peptide corresponding to the last 15 amino acids of the CT of Cx36 (CT-peptide), a region that is identical to the CT of one fish homolog, Cx35, and has only minor differences from the CT of another, Cx34.7 ( Fig. 5A ) (31) . The peptide (1 mM) was included in the recording electrode solution, and both components of the EPSP were monitored. Intradendritic application of the CT-peptide caused a progressive reduction in the amplitude of the electrical component of the EPSP (to 79.2% ± 4.6% of control, n = 5, at 40 min) (Fig. 5B) . In contrast, a scrambled version of the peptide did not cause reduction of the electrical component over the same time course (114.6% ± 3.9%, n = 5; P < 0.005 vs. CTpeptide) (Fig. 5C ). The increase in amplitude of the electrical component is not likely to be related to nonspecific effects of this scrambled peptide because it also was observed in this experimental series with electrodes containing only the vehicle solution (Fig. 3C) . The M-cell antidromic spike amplitude was little affected (91.3% ± 5.95% of control for CT-peptide and 92.1% ± 10% for the scrambled version; P > 0.1), indicating that changes were not caused by a decrease in the cell's input resistance. Interactions between electrical and chemical synapses are known to take place at CEs (28) (29) (30) 45) . Although the peptide reduced overall chemical transmission (to 80.7% ± 8.6% of control at 40 min, compared with scrambled peptide: 122.8% ± 4.7%, P < 0.05, n = 5), its effect was restricted to the electrical component in three of these experiments (Fig. 5B) , suggesting that the peptide primarily affects electrical transmission. These results suggest that the CT peptide affects molecular interactions between the CT of neuronal connexins and trafficking or secretory proteins, altering the balance between membrane insertion and removal.
Discussion
Our electrophysiological evidence suggests that the average lifetime of GJ channels at CEs is on the order of tens of minutes. Despite the multiplicity of actions of dynamin and SNAP-25 and possible off-target effects of peptides, our results indicate the existence of active trafficking of GJ channels at these synapses. This conclusion is supported by ultrastructural evidence which, consistent with data from cell-expression systems for recombinant GJ channels (16) (17) (18) , suggests that channels are added and removed from GJs simultaneously. These observations are consistent with current views (18, 19 ) that exocytotic incorporation of new connexons occurs via unpaired hemichannels added outside the margins of preexisting GJs, whereas connexons are removed from the center of GJ plaques as clusters of intact cellcell channels in double-membrane vesicles.
Because of their susceptibility to the action of peptidases and diffusion from the application site, peptides are not ideal tools for accurate estimations of the turnover rate of GJ channels at CEs. Despite these considerations, estimates of turnover time from experiments with the SNAP-25 and CT-peptides indicate an overall half-life of ∼1-3 h, a value that is consistent with previous estimates for turnover of GJs in expression systems and intact tissue (46, 47) and for other membrane channels and receptors (47) . This rapid turnover is in contrast to GJs in adult lens cells (adult lens cells lack nuclei and protein synthetic machinery; thus their proteins, including connexins, must last a lifetime) (48) . Our results also indicate that postsynaptic modifications of GJ channel trafficking can affect the rate at which postsynaptic hemichannels link to presynaptic hemichannels to form functional channels, an observation that is consistent with the fact that potentiation of electrical transmission at CEs is induced postsynaptically (26, 28, 30, 49) .
Our results show that the strength of electrical transmission at CEs is maintained by a balance between hemichannel insertion, cell-cell channel formation, and channel removal, because peptides interfering with endocytosis and exocytosis modify within minutes the amplitude of the electrical and chemical components of the mixed EPSP. These findings suggest that there may be a set point, so that drift away from this value activates feedback that modulates trafficking to maintain a more-or-less constant number of open intercellular GJ channels. Such a dynamic process also could be involved in plastic modifications of junctional conductance (28, 29, 49, 50) , and activity-dependent alteration of electrical transmission (26, 30) could involve changing the set point. Modulation of the number of open channels could involve the regulation of their insertion, their removal, or both. A simple possibility is that rate of insertion of channels is constant and that the strength of electrical transmission is regulated by the modification of the rate of removal of channels from preexisting GJ plaques. Changes in the rate of removal could either increase or decrease the number of functional intercellular channels in the GJ plaque to establish a new balance. Alternatively, variations in rate of insertion could modulate amplitude in the face of a fixed rate (or fixed rate constant) of removal. In addition, a set point also could depend on the properties and composition of the scaffold and regulatory proteins that sustain channel function in GJs and that underlie the trafficking and stabilization of GJ channels.
Alternative mechanisms of modulation of GJ conductance exist. Cx36 and its two fish homologs are targets of regulation by protein kinases (43, 51, 52) , and direct phosphorylation of connexins, rather than the incorporation of new channels, was proposed to underlie at least some regulation of Cx36-mediated electrical synapses in the retina (52, 53) . Protein kinase A and CaM-KII (43, 49) mediate activity-dependent changes in the strength of electrical transmission at CEs. Furthermore, activitydependent changes of electrical transmission at CEs can take place within minutes (27) (28) (29) (30) and also can be transient (27) ; thus, modifications can take place within a time frame faster than that of the trafficking observed here. As proposed for long-term potentiation of glutamatergic transmission at hippocampal synapses (55), sequential molecular mechanisms involving changes in gating and trafficking may underlie modifications of electrical transmission at CEs. The initial expression of the potentiation thus could involve posttranslational modifications of channels already present in the junctions, whereas the longer-term potentiation could be mediated by adjusting channel turnover. Increases in electrical coupling are unlikely to involve the insertion of recycled channels, which is a likely mechanism at glutamatergic synapses (56) , and current evidence indicates that internalized GJs are degraded in lysosomes (15) .
Our experiments demonstrate that electrical transmission is readily modified by interfering with trafficking of GJ channels. However, early estimates obtained from the average number of GJ channels in individual CEs (59,344 cell-cell channels) (32) and an assumed single-channel conductance of 100 pS (57) suggested that only a small percentage of the morphologically observed channels were open during the electrical component of the EPSP. We know now that the single-channel conductance of Cx35 (58) and Cx36 channels (59) is lower, ∼15 pS, indicating that only 2-4% of the channels in a CE are open during a unitary electrical EPSP. Because functional GJ channels characteristically have an open probability of ∼1 at a transjunctional voltage of zero (60), electrical transmission at single CEs likely results from a small number of channels with a high open probability rather than from a larger number with a low open probability. In any case, although CE synapses contain a large fraction of channels that are electrically silent, electrical transmission is susceptible to manipulations of endocytosis and exocytosis. Furthermore, because the dynamic range of variation of synaptic strength of electrical synapses in CEs (29) requires only a small fraction of the channels that are contained in the contact, the striking disparity between conductive and nonconductive channels is unlikely to correspond to the existence of a functional reserve. However, what appears to be an overwhelming excess of nonconducting channels could be of functional relevance if connexins have an additional function, such as acting as adhesion molecules (61, 62) . Docking of connexons requires a specific distance between the membranes of adjoining cells, and cell-cell channels that did not open might contribute to the mechanical stability necessary to maintain functional intercellular channels. The generation of this striking disparity between conductive and nonconductive channels is likely to reflect essential aspects of GJ formation and maintenance, including the lifetime of channels and the existence of heterogeneous populations of channels within the plaque.
In summary, our results provide evidence that trafficking is important in regulating the strength of transmission at electrical synapses. Because trafficking necessarily involves the interaction of GJ channels with scaffold and regulatory proteins, our results suggest that electrical synapses, as proposed for other GJs (63) , no longer should be viewed as simple clusters of intercellular channels but rather should be seen as complex structures in which many molecular elements participate in both short-term and long-term regulation.
Experimental Procedures
Freeze-Fracture Replica and Immunogold Labeling. A combination of physiological and anatomical techniques was used to identify the VIIIth nerve terminals on the M-cell in Carassius auratus. After formaldehyde fixation, as above, two specimens were processed by single-replica FRIL (23) , and one additional specimen was processed by double-replica SDS-digested fracture replica labeling (SDS-FRL) (34, 65) . Slices containing the lateral dendrite of M-cells that were injected with Lucifer Yellow during intracellular in vivo recordings were freeze-fractured and coated with 1.5 nm of platinum and 20 nm of carbon (Fig. 6 ). For single-replica samples, a gold index (aka "Finder") grid was bonded to the coated surfaces using Lexan plastic dissolved in dichloroethane; the samples were thawed and grid-mapped by confocal microscopy to determine the location of the M-cell lateral dendrite. Then cellular material was removed from the side opposite the grid by gentle washing with SDS detergent. For both single-and double-replica samples, residual connexin proteins adhering to the replica after SDS washing were labeled as follows: Replica #811 (Fig. 1 C-G) was labeled for 1 h with rabbit anti-Cx34.7 (JOB 2930/1) and counter-labeled for 13 h with goat gold-conjugated anti-rabbit secondary antibodies from Chemicon (10 nm), Jackson ImmunoResearch (12 nm), and BB International (10 nm). Replica #812 was labeled for 1 h with rabbit polyclonal antibody against Cx36/ Cx34.7/Cx35 (Ab298 made against an 18-amino acid sequence in human Cx36 beginning at amino acid #298, which is almost identical to the corresponding sequences in Cx34.7 and Cx35) (23) and counter-labeled for 13 h with the same goat anti-rabbit gold-conjugated secondary antibodies used for sample #811. For the double-replicas DRD#1 (top and bottom), both matching replica complements were mounted on Lexan-coated index grids, labeled simultaneously for 4 h with rabbit polyclonal antibody against Cx34.7 (JOB 2930/1) and mouse monoclonal antibody directed against Cx35 (MAB3043; Millipore Bioscience Research Reagents), and then counter-labeled with 5-nm goat anti-rabbit IgG and 10-nm goat anti-mouse IgG (both from BB International).
Electrophysiological Techniques and Data Collection. Intracellular in vivo recordings from adult goldfish (Carassius auratus) were performed as previously described (28) . Responses to VIIIth nerve or spinal cord stimulation were recorded from the lateral dendrite of the M-cell (300-400 μm from the axon hillock) using glass microelectrodes (4-8 MΩ) containing 0.5 M KCl, pH 7.2 (see below). Because of the brief membrane time constant of the M-cell (∼400 ms), both components of the synaptic potential evoked by stimulation of the VIIIth nerve can be identified unambiguously and measured reliably, because the brief duration of the electrical component does not significantly In all cases, FRIL labels the connexons in the cell whose cytoplasm was retained beneath the replica (18-nm gold beads are black; primary and secondary antibodies are indicated by black "Ys") and does not label the E-face pits from which the connexons of the upper cell were removed by fracturing, but instead labels the underlying connexons remaining in the attached membrane of the lower cell. Labeling of M-cell connexons, including in a fusing vesicle with connexon hemichannels (Left; red lipid bilayer corresponding to FRIL images in Fig. 1 C-J) , the GJ plaque (Center; green lipid bilayer corresponding to overlays in FRIL images in Fig. 2) , an internalizing endocytotic double-membrane invagination (Center; green lipid bilayer), and paired patches whose connexons are slightly more widely separated and are on the tips of deformed lipid cones that produce slightly larger and deeper E-face pits and slightly taller P-face IMPs (Fig.1J , lower red overlay, and Fig. 1G , right side of red overlay, respectively), suggesting that the connexons are docked across a partially narrowed (10-nm) extracellular space, as described in ref. 36 . Note that in the endocytosing membrane (green lipid bilayer), intact connexons are spaced more widely in the outer concave layer than in the coupled inner convex layer (A). (B) Pt with arrow indicates platinum shadowing direction and 60°angle of deposition; black line (1-2 nm thick) indicates an electronopaque platinum layer that is visualized by TEM; gray line (20 nm thick) indicates a carbon support layer that is applied by rotary thermionic deposition on top of the Pt layer. (The carbon layer is almost transparent by TEM, except on nearly vertical surfaces.) Segments corresponding to Figs. 1 E-J and 2C are labeled.
influence the peak of the subsequent chemical response [peak amplitudes were detected within a range of points using Igor Pro software (WaveMetrics)]. Synaptic potentials were monitored every 4 s, and traces were averaged in sets of 15 or more. Amplitude changes were estimated by comparing averages obtained at baseline and 20-40 min after each experimental manipulation. Results are expressed as mean ± SEM. Student's t test was used to assess statistical significance. For intradendritic applications, the synthetic peptides (see below), at 1-2 mM concentrations, were added to the recording vehicle solution (0.5 M KCl + 10 mM Hepes, pH 7.2). In other experiments, a 5% solution of Lucifer yellow carbohydrazide (lithium salt; Molecular Probes) in distilled water was injected iontophoretically into Mcell somata for subsequent processing for FRIL. Immunohistochemistry. Fish were perfused intracardially with saline phosphate buffer (1× PBS) at pH 7.2-7.4 for 10 min followed by cold 4% (wt/vol) formaldehyde in 0.1 M phosphate buffer (paraformaldehyde; PFA) for 10 min as previously described (31) . Brains were dissected out and kept in 4% PFA overnight at 4°C. After incubation tissues were sectioned (50 μm) in 0.1 M phosphate buffer with a TPI Vibratome (Technical Products International) for further processing. Alternatively, after perfusion, brains were transferred to 30% sucrose in PFA (for cryoprotection) and left until they sank; then they were mounted in Optimum Cutting Temperature compound (Tissue-Tek) and sectioned (50 μm) with a cryostat (Leica CM3050S) for further processing. These sections were rinsed at room temperature with PBS, blocked and permeabilized for 45 min to 1 h at room temperature in PBS Triton (PBSTr, 1× PBS + 0.3-0.4% Triton X-100, vol/vol, pH 7.4) + 5-10% normal goat serum (NGS). As a marker for CEs, sections were incubated overnight at 4°C on a tilting platform in PBSTr + NGS containing either monoclonal anti-Cx35 (1:250/1:500) (Millipore Bioscience Research Reagents) or rabbit polyclonal anti-Cx36 (1:250/ 500) (36-4600; Zymed). In addition, samples were labeled with monoclonal anti-SNAP-25 (1:100) (SYSY-111-011; Synaptic Systems) or anti-dynamin (1:100) (BD-610245; BD Biosciences) (incubated for only 1 h in this case). In addition samples were labeled with monoclonal anti-SNAP-25 (1:100) (SYSY-111-011; Synaptic Systems) or anti-dynamin (1:100) (BD-610245; BD Biosciences) (incubated for only 1 h in this case). Sections were rinsed in PBSTr three to four times for 10 min at each rinse and incubated for 1-2 h at room temperature with Alexa Fluor 488-conjugated goat antirabbit and/or Alexa Fluor 594-conjugated goat anti-mouse secondary antibodies. Sections then were rinsed with PBSTr and then with 50 mM phosphate buffer, pH 7.4 and mounted on slides in a propyl gallate-based antifading solution to reduce photobleaching. Control sections, which were incubated with secondary antibodies in the absence of primary antibodies, did not show meaningful labeling. The specificity of the anti-dynamin antibody was confirmed by Western blot; the anti-SNAP-25 antibody (Synaptic Systems) was reported to label SNAP-25 specifically in both vertebrates and invertebrates.
Confocal Microscopy and Image Processing. Sections were imaged with an Olympus BX61WI confocal microscope with a mortised fixed stage with 20× air, 40× apo/340 water, and 60× oil objective lenses. FLUOVIEW FV500 software was used for data acquisition. Confocal immunofluorescence XY images were scanned in z-axis intervals of 0.6 μm. Z-plane sections and Zplane stacks from each image were used for image analysis with Image J (National Institutes of Health). The unlabeled area within CEs was relatively small compared with labeled areas. For presentation purposes, some images were processed using Adobe Photoshop (Adobe Systems) and Canvas X (ACD Systems).
